Agricultural waste water containing pesticides can reach the sea via rivers and estuaries, including brackish lakes. We studied the metabolic fate of methoxychlor [MXC; 1,1,1-trichloro-2,2-bis(4-methoxyphenyl)ethane] in a model system consisting of sediment and associated water collected from two sampling sites: a brackish lake and a freshwater river. MXC degraded rapidly and was finally mineralized in both sediment systems. The first step of degradation was dechlorination to yield 1,1-dichloro-2,2-bis(4-methoxyphenyl)-ethane [de-Cl-MXC] or CN-replacement to yield 2,2-bis(4-methoxyphenyl)acetonitrile [MXC-CN], followed by O-demethylation. Although the metabolites were common to the two sediments, the dynamics of the metabolites over time were clearly distinct. In the brackish lake sediment, de-Cl-MXC accumulated transiently, whereas in the river sediment, it was rapidly converted to its demethylated metabolite. We also found that dechlorination and CN-replacement proceeded in autoclave-sterilized river sediment. In the river sediment, the abiotic reaction mediated by abundant humic acid and low oxygen level also appeared to contribute to the overall MXC metabolism.
Much industrial, municipal, and agricultural waste water, containing a variety of chemicals, reaches the sea by direct discharge or via estuaries and rivers, in which the residence time of many chemicals is shorter than the period necessary for complete biodegradation. 1) Around rice-producing areas, pesticides used in paddy fields overflows into rivers through drainage canals.
2) Unintentional inflow of these pesticides into the estuarine environment, including brackish lakes, is thus possible. Rivers and brackish lakes are important, productive ecosystems that support a variety of living resources. Although brackish lakes are potentially exposed to a number of synthetic chemicals, including pesticides, limited information is available on the degradation of these chemicals as compared with freshwater areas. To obtain basic information on the fate of xenobiotics in river and brackish lake sediment, methoxychlor [MXC; 1,1,1-trichloro-2,2-bis(4-methoxyphenyl)ethane] was used as a model compound in the present study. MXC is an organochlorine insecticide now banned in most countries, but it was widely used in the past as an alternative to DDT [1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane] because of its relatively low acute toxicity and better degradability.
3) The metabolic fate of MXC has been well investigated in eukaryotes, especially mammals. It involves demethylation of the aromatic rings in MXC, a reaction catalyzed by cytochrome P450 monooxygenases. [4] [5] [6] Ichinose and Kurihara have reported that microsomal oxidative O-demethylation of the methoxy group is one of the most important detoxication reactions in xenobiotics. 7) Furthermore, dechlorination and hydroxylation have been identified as early steps in MXC metabolism in a fungus. 8) Similarly, the main metabolic pathways involved in the microbial degradation of MXC in freshwater sediments are reported to be demethylation and reductive dechlorination. 9) Brackish lake and river sediments play an important role in the mineralization of synthetic chemicals, and mineralization potential appears to be influenced by many factors. To investigate the contributions of these factors, the metabolic features of MXC in two water-sediment systems, a brackish lake and a freshwater river, were evaluated. Furthermore, the abiotic decomposition of MXC was investigated in sterilized sediments of both types to evaluate microbial activity and pure chemical reactions.
Materials and Methods
Test substances and materials. [Ring-U-14 C]MXC ( 14 C-MXC; radioactivity, 5.84 MBq/mg; radiochemical purity, 99.0%; chemical purity, 99.6%) was purchased from BlyChem (Billingham, UK). Non-radiolabeled MXC was from Wako Pure Chemical Industries (Osaka, Japan; purity, 97%). 1,1,1-Trichloro-2-(4-hydroxyphenyl)-2-(4-methoxyphenyl)ethane (mono-OH) was from Cedra (Austin, TX). All other chemicals were purchased from commercial suppliers.
Water sediment of Hinuma Lake. Brackish lake sediment was collected at a depth of 0 to 10 cm in a place at a distance of 0.5 m from the lakefront (the water depth was about 10 cm) of Hinuma Lake, a brackish lake in Ibaraki Prefecture, Japan, on September 8, 2010; brackish water was also collected at the same place. After transfer to our laboratory, the sediment was passed through a 2-mm sieve and stored for 1 d at 4 C in the dark prior to use. The annual mean water temperature and salinity in the surface and bottom layers at Minowa (at the southern shore of this lake) are reported to be 14.1 C and 15.0 C and 0.50% and 0.87% respectively.
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11) The physical, chemical, and biological properties of this sediment and water are shown in Table 1 .
Water sediment of Tonegawa River. River sediment was collected at a depth of 0 to 10 cm in a place at a distance of 0.5 m from the bank (the water depth was about 10 cm) of the Tonegawa River (Ibaraki Prefecture, Japan) on September 7, 2010; freshwater was also collected at the same place. After removal of gross debris, the sediment was stored for 2 d at 4 C in the dark prior to use. The annual mean water temperature at Mefuki Ohashi Bridge (Bando, Ibaraki) is reported to be 14.7 C.
12) The salinity of freshwater used in this study was 0.00%. The river width around Mefuki Ohashi Bridge is approximately 160 m. The physical, chemical, and biological properties of the sediment and water are shown in Table 1 .
Metabolism study. Glass bottles (inside diameter 50 mm; capacity 200 mL) were used as the metabolism vessel. A portion of the brackish lake sediment equivalent to 134 g of dry sediment (170 g fresh weight) and of the river sediment equivalent to 84 g of dry sediment (140 g fresh weight) was weighed into the metabolism vessels. An appropriate amount of test water was added to each test sediment sample, and the entire system was thoroughly agitated using a spatula. After flooding and sedimentation of the water-sediment samples, the sediment depth and water depth were approximately 5.0 cm and 1.5 cm respectively. The sediment samples were pre-incubated for 23 d (brackish lake) and 21 d (river) at 25 C in the dark. The values for oxidation-reduction potential (redox potential) at the bottom of the sediment were measured in duplicate before application of the test compounds. The average values were determined to be À228:1 mV (brackish lake) and À234:1 mV (river).
14 C-MXC dissolved in acetone was dropped onto the water surface at a rate of 1.0 mg/kg of dry sediment. Although this concentration is higher than that in the natural environment, it was selected for practical analysis, particularly for identification of metabolites. The acetone concentrations in the associated water were approximately 0.09% (brackish lake) and 0.04% (river). The entire sediment-water system was agitated, and then the metabolism vessels were placed in a stainless steel metabolism chamber with a glass lid (capacity approximately 37 L) connected to an airflow trapping system to collect radioactive carbon dioxide, 14 CO 2 , using a pair of 1 M NaOH trapping solutions containing 0.01% phenolphthalein as index. Then humidified 14 CO 2 -free air was continuously introduced into the chamber at a constant flow rate of approximately 30-50 mL/min. The metabolism chamber with the airflow system was placed in an incubation room at 25 C in the dark. During incubation, the weight of each soil vessel was monitored monthly to maintain the initial water level with added Milli-Q water. Radioactive residues in the water and sediment (extraction analysis) and radioactive volatiles in an alkaline trap solution were quantified periodically. Duplicate samples were extracted on days 0, 3, 7, 14, 28, 56, 84, and 112 (brackish lake) and days 0, 3, 7, 14, 28, 56, and 84 (river).
To investigate the role of microbial activity, sterilized samples were also prepared. Pre-incubation was performed as described for the viable samples, and the samples were sterilized repeatedly by autoclaving at 121 C for 20 min (once daily for 3 d), including the day of application of the test compound. Extraction was performed on days 46 and 78 in the same manner as for the viable samples, without replication. The redox potential was measured before application of the test compound after autoclaving. This confirmed that the reductive conditions were maintained sufficiently in both sediments. The values were determined to be À162:1 mV (brackish lake) and À176:2 (river).
To confirm that the radioactive volatile released from the treated soil and collected in the NaOH trapping solution was 14 CO 2 , the trapping solution was processed to form a precipitate of BaCO 3 and radioactivity was measured in both supernatant and precipitate.
Extraction procedures. The following procedure was used for the analysis of each water-sediment sample: The water was transferred to a Kiriyama funnel with filter paper (Quantitative Filter Papers No. 704, 95 mm in diameter; Nippon Rikagaku Kikai, Tokyo) by decanting and then filtered by suction, followed by liquid scintillation counting (LSC). The water was concentrated using a rotary evaporator (N-1000; Tokyo Rikakikai, Tokyo) and subjected to high-performance liquid chromatography (HPLC) analysis to quantify the radioactive components. The sediment was transferred to a screw-capped glass bottle with 150 mL of acetonitrile/water (7/3 v/v), extracted by vigorous shaking for more than 30 min at ambient temperature, and then filtered by the procedure described above. The radioactivity of the extracts was determined by LSC analysis. Two additional extractions with another solvent (acetonitrile/0.5 M hydrochloric acid, 7/3) were done by the same procedure, and then the extracts were combined, concentrated by the procedure described above, and analyzed by HPLC. After airdrying for more than 1 d, triplicate aliquots (approximately 300-500 mg) of the extracted sediment were weighed and subjected to oxidative combustion in order to quantify the radioactivity in the extracted sediment.
Analytical methods. A Shimadzu LC-10A HPLC system (Shimadzu, Kyoto, Japan) with a Ramona Star radioactive flow scintillation analyzer (Raytest Isotopenmessgeraete, Straubenhardt, Germany) was used for HPLC analysis of radioactive metabolites. The 14 C metabolites were separated using a reversed phase Capcell Pak C18 ACR column (4.6 mm i.d. Â 250 mm, 5 mm; Shiseido, Tokyo) with mobile phases of acetonitrile (solvent A) and 10 mM ammonium acetate buffer (pH 4.6, solvent B). Elution was achieved by the following two-step linear gradient program: 0 to 20 min, A:B = 30:70 (v/v) to 90:10 and 20 to 25 min, leading to 100:0, at a flow rate of 1.0 mL min À1 at a column temperature of 40 C. The radioactivity in liquid samples was measured by LSC (Tri-Carb 2800TR; PerkinElmer Japan, Kanagawa, Japan) with AtomlightÔ or Hionic-FluorÔ (PerkinElmer Japan, Tokyo) as a scintillation cocktail. An Aloka ASC-113B Automatic Sample Oxidizer (Aloka, Tokyo) was used for oxidative combustion of the extracted sediment, and the product of combustion was subjected to LSC analysis. Triplicate aliquots of the samples were weighed into paper cups (Advantech, Tokyo). One or two drops of CombustaidÔ (PerkinElmer Japan) were added to each sample prior to oxidative combustion.
Identification of metabolites. The chemical structures of the
14 C metabolites were confirmed by gas chromatography (GC)-mass spectrometry (MS) with electroionization (EI), or by LC-mass spectrometry (MS)/MS with electrospray ionization (ESI) in negative ion mode. Prior to MS analysis, the 14 C metabolites of interest were purified by preparative HPLC under the conditions described above. The purified metabolites were analyzed using an Agilent 6890 series GC System connected to an Agilent 5973 Network Mass Selective Detector (Agilent Technologies Japan, Tokyo) or the HPLC system described above connected to a Q-Trap MS (AB Sciex, Tokyo).
The operating conditions for GC-MS analysis were as follows: Samples were injected at 50 C in splitless mode with an Agilent 7683 Series autosampler and injector onto an HP 5 ms capillary column (30 m Â 0:25 mm, i.d., Agilent Technologies Japan). The oven temperature was programmed to increase from 50 C to 125 C at 3 C/min, then at 17.5 C/min to 300 C. The gas flow rate was 1.0 mL/min. The HPLC column effluent that passed through the UV detector was introduced into the MS device. The MS operating conditions were as follows: ESI voltage À4:2 kV; ion source temperature 500 C; nebulizer gas (dry air) 345 kPa; heater gas (dry air) 552 kPa; and collision energy, À15 to À45 V (for MS/MS; CAD gas, N 2 ).
A pre-coated silica gel F254 aluminum plate (20 cm Â 20 cm) purchased from Merck (Darmstadt, Germany) was used for thin-layer chromatography (TLC). Representative samples to be analyzed were applied as spots, on a TLC plate (2 cm from the bottom edge), followed by linear development (distance, 15 cm). The composition of the solvent systems was n-hexane/ethyl acetate (80/40).
Kinetic models. The degradation kinetics of MXC were calculated using the Double-First-Order in Parallel (DFOP) Model (1) as referred to in the FOCUS report.
13)
C ¼ C 1 expðÀk 1 tÞ þ C 2 expðÀk 2 tÞ ð 1Þ
where C is the concentration of MXC at time t, k 1 and k 2 are the rate constants of the first and second compartments respectively and C 1 and C 2 are the initial concentrations of the test substance in the first and second compartments respectively. The initial concentration of the whole system (C 0 ) is given by the following equation:
DT 50 and DT 90 were obtained as t, and correspond to C ¼ 0:5C 0 and C ¼ 0:1C 0 respectively.
Additional experiments with sterilized brackish lake sediment. A comparison of the results for the Tonegawa River and Hinuma brackish lake sterilized sediments suggested that a low oxygen environment and/or the presence of humic acid contribute to abiotic dechlorination and CN-replacement activity. To evaluate this possibility, we conducted an experiment. A portion of the brackish lake sediment equivalent to 67 g of dry sediment (85 g fresh weight) was weighed into the metabolism vessels. In addition, the 0.5 g of humic acid (HA) of Tonegawa River sediment used in this study (extracted by the method of Hsu and Bartha 14) ) was added to each vessel. An appropriate amount of brackish water was added to each test sediment sample, and the entire system was thoroughly agitated using a spatula. After flooding and sedimentation of the water-sediment samples, the sediment depth and water depth were approximately 2.2 cm and 1.2 cm respectively. The head spaces of the Hinuma water-sediment systems were filled with N 2 gas, followed by plugging with butyl rubber stoppers, and were pre-incubated for about 2 weeks. After autoclave sterilization, 14 C-MXC was applied, and then the head space of each vessel was refilled with N 2 gas. After 13-16 d of incubation, 14 C-MXC and its transformation products were extracted and analyzed by the procedures described above. þ of m=z 296, and a fragment ion was observed at m=z 213. These results strongly indicate that Fr. 20 was 1,1-dichloro-2-(4-hydroxyphenyl)-2-(4-methoxyphenyl)ethane (de-Cl-mono). Fraction 23 was detected as a minor metabolite, and was identified as 1,1,1-trichloro-2-(4-hydroxyphenyl)-2-(4-methoxyphenyl)ethane (mono-OH) by retention time and Rf value comparison with an authentic standard of mono-OH on HPLC and TLC. Fr. 21 was detected as the major metabolite in the sterilized river sediment. LC/ ESI-MS analysis indicated that Fr. 21 had an ½M À H À of m=z 252 in negative ion mode, and a fragment ion was observed at m=z 239 ½M À CH 2 À . GC/EI-MS analysis indicated that Fr. 21 had an M þ of m=z 253, and fragment ions were observed at m=z 238 ½M À CH 3 þ , 222 ½M À OCH 3 þ , and 146 ½M À C 6 H 4 À OCH 3 þ . On the basis of this spectrum, Fr. 21 was identified as 2,2-bis(4-methoxyphenyl)acetonitrile (MXC-CN).
Results and Discussion

Identification of metabolites
A radioactive volatile was identified by BaCO 3 precipitation, and the results indicated that most of the radioactivity trapped by NaOH solution was in the form of 14 CO 2 .
Conversion rate and route of MXC
The DT 50 and DT 90 values of MXC in the Hinuma water-sediment system were calculated to be 6.6 d and 313.8 d, and those in the Tonegawa River were calculated to be 4.3 d and 52.3 d, respectively. The distribution of the radioactivity in the water-sediment systems and volatiles (i.e., carbon dioxide) immediately after application and the last sampling point are shown in Table 2 . The results indicate similar 14 C-distributions between the river and the lake sediment, including released carbon dioxide, irrespective of their difference in particle distribution and organic carbon contents (Fig. 1) . It is likely that MXC itself is relatively degradable in the natural surface-water environment.
The dissipation of MXC and the formation of major radioactive metabolites are presented in Fig. 1A , and results for the sterilized samples are summarized in Fig. 1B . The metabolites were common to both sediments, but the quantitative behavior over time was clearly different. In both sediments, the dechlorination reaction that occurred at the early stage appeared to contribute greatly to the rapid dissipation of MXC, In particular, as shown in Fig. 1B , abiotic dechlorination and CN-replacement probably facilitated degradation in the river sediment. Compared to the river sediment, the abiotic reaction occurred poorly in the lake sediment. The details of the causative factors are currently under investigation, but some of the results are introduced later in connection with an additional experiment.
On the other hand, in the brackish lake sediment, deCl-MXC accumulated transiently, whereas in the river sediment it was rapidly converted to a demethylated metabolite, de-Cl-bis, probably via de-Cl-mono. Since a demethylation was found to proceed via microbial activity in the sediments, the microflora in the sediments were possibly distinct.
Based on the identification and behavior of the metabolites as described above, proposed major metabolic pathways of MXC are summarized and presented in Fig. 2 . In both sediments, dechlorination and CNreplacement of MXC occurred at the early stage by biotic and abiotic reactions, followed by biotic demethylation.
CN-replaced metabolites
To our knowledge, MXC nitrile metabolites (MXC-CN and bis-CN) were detected for the first time in this study, and it was confirmed that they were not experimental artifacts associated with extraction solvent. That is, they were extracted equally with acetonitrile, methanol and acetone as extraction solvent (data not shown). On the other hand, the presence of a similar nitrile metabolite of DDT was demonstrated previously. Albone et al. found 2,2-bis(4-chlorophenyl)acetonitrile (DDCN) in anaerobic sewage sludge as a metabolite of DDT. 15) Herberer and Dunnbier reported that DDCN was found in surface water collected from the Dahme River and the Teltowcanal in Germany, and it was not clear whether DDCN formed directly from DDT or DDA (2,2-bis(4-chlorophenyl)acetic acid). 16) Matsumura reported that a replacement on the trichlorocarbon with a cyano moiety is a minor microbial reaction of DDT in sludge. 17) Jensen et al. failed to find DDCN after feeding DDD (1,1-dichloro-2,2-bis(4-chlorophenyl)- ----------------------------------------------------- ethane) and DDE (1,1-dichloro-2,2-bis(4-chlorophenyl)-ethylene) into sewage sludge, 18) suggesting that MXC-CN probably formed directly from MXC rather than by sequential dechlorination from de-Cl-MXC. In parallel, bis-CN might be formed directly by demethylation of MXC-CN.
Factors influencing abiotic reactions
An additional experiment revealed that MXC-CN and de-Cl-MXC can be formed abiotically even in sterilized brackish lake sediment. As shown in radio-chromatogram D of Fig. 3 , replacement of system head space with nitrogen gas and the addition of humic acid (in this case, extracted from river sediment) were both necessary. Fukushima has reported that humic substances play an important role in the dechlorination of organohalogen compounds, 19) and Curtis and Reinhard found that reductive dechlorination was accelerated by humic acid and natural organic matter extracted from aquifer solids. 20) The intense abiotic dechlorination we observed in the river sediment may have been due to larger amounts of humic acid or natural organic matter as compared to the brackish lake sediment (Table 1) .
Conclusion
The present study indicates that two sediments collected from distinct surface water areas rapidly degraded and finally mineralized MXC. The metabolites were common to both sediments, while the profiles of increase and decrease with time were clearly different. The reason is complicated, and more detailed investigation and site (sediment and water) examples are needed. However, in spite of limited data, the followings conclusions can be drawn: (i) Dechlorination and CNreplacement of MXC might occur abiotically in certain environments. (ii) These abiotic activities appear to require low oxygen levels and the presence of humic acid. (iii) The intensity of demethylation activity might depend on the microflora inhabiting the sediment. These data should be helpful in assessing the fate of pesticides in the surface water environment. 
